Introduction {#s1}
============

The scavenger receptor class B type I (SR-BI) is a multiligand receptor that binds to high density lipoprotein (HDL) with high affinity and mediates the selective uptake of HDL lipids [@pone.0072492-Zannis1], cellular cholesterol efflux from cells [@pone.0072492-Yancey1] and HDL dependent signaling [@pone.0072492-Zhang1]. SR-BI knockout (KO) mice exhibit defective HDL-dependent reverse cholesterol transport from macrophages, resulting in increased plasma HDL-associated cholesterol and reduced cholesterol in bile [@pone.0072492-Brundert1]--[@pone.0072492-Mardones1]. SR-BI deficiency results in increased atherosclerosis in apoE or LDL receptor KO or diet induced models of atherosclerosis [@pone.0072492-Trigatti1], [@pone.0072492-Braun1]--[@pone.0072492-Zhang2]. Overexpression of SR-BI in livers of mice has the opposite effects, reducing both HDL cholesterol levels and atherosclerosis [@pone.0072492-Kozarsky1]--[@pone.0072492-Ueda2].

SR-BI/apoE double KO mice rapidly (within 6 weeks of age) develop occlusive coronary artery (CA) atherosclerosis and exhibit extensive myocardial fibrosis, ECG abnormalities, cardiac enlargement, reduced heart function (ejection fraction, contractility and relaxation) and early death [@pone.0072492-Braun1], [@pone.0072492-Braun2]--[@pone.0072492-Karackattu2]. The SR-BI^−/−^apoE-R61^h/h^ (hypomorphic) mouse is a related model [@pone.0072492-Zhang2] that lacks SR-BI and has a targeted mutation in the apoE gene that encodes a Thr61Arg point mutant form of apoE that exhibits reduced clearance [@pone.0072492-Raffai1], [@pone.0072492-Raffai2]. Furthermore, the apoE expression level is only 2--5% of normal level due to the insertion of a neomycin resistance gene cassette in the third intron of the apoE gene [@pone.0072492-Raffai2]. When fed a normal low fat, low cholesterol diet, SR-BI^−/−^apoE-hypomorphic mice develop little aortic or CA atherosclerosis. However, when fed a high fat, high cholesterol diet containing cholate (HFCC diet), these mice rapidly develop aortic and CA atherosclerosis and cardiac morphological, conductance and functional abnormalities that are strikingly similar to those seen in SR-BI/apoE double KO mice [@pone.0072492-Zhang2]. These mice do not survive beyond 3.5--5 weeks of the feeding period [@pone.0072492-Zhang2]. These SR-BI/apoE dKO mice and HFCC diet fed SR-BI^−/−^apoE-hypomorphic mice exhibit many features of human coronary heart disease (CHD), stemming from occlusive CA disease.

SR-BI is expressed in several cell types relevant to atherosclerosis development, including hepatocytes, bone marrow derived cells (monocytes, macrophages, dendritic cells and platelets) and vascular wall cells (endothelial and smooth muscle cells) [@pone.0072492-Landschulz1]--[@pone.0072492-Barth1]. SR-BI in hepatocytes mediates selective HDL lipid uptake and clearance from plasma, driving RCT [@pone.0072492-Brundert1]--[@pone.0072492-Rigotti1], [@pone.0072492-Zhang3]. SR-BI also plays an important role in the vascular wall. Transplantation of bone marrow (BM) stem cells from donor mice lacking SR-BI into recipient LDL receptor KO, apoE KO or wild type mice increases their susceptibility to atherosclerosis [@pone.0072492-Covey1], [@pone.0072492-Zhang4], [@pone.0072492-VanEck2]. Conversely, transplantation of BM from wild type mice into lethally irradiated SR-BI/apoE dKO mice rescues their survival and reduces aortic and CA atherosclerosis [@pone.0072492-Yu1]. Expression of apoE in BM-derived cells has previously been shown to protect against aortic atherosclerosis in apoE KO mice [@pone.0072492-Boisvert1], [@pone.0072492-VanEck3]. However, the effect of specifically restoring normal SR-BI expression in BM derived cells on atherosclerosis in SR-BI-deficient mice is not known.

In this study, we tested the effects of restoring SR-BI alone in BM-derived cells on the development of diet induced aortic and CA atherosclerosis, heart size and cardiac fibrosis in SR-BI^−/−^apoE-hypomorphic mice. We demonstrate that restoration of normal SR-BI expression in BM-derived cells protected against diet induced aortic and CA atherosclerosis, myocardial infarction and increases in heart weights in SR-BI^−/−^apoE-hypomorphic mice, without substantially affecting plasma or lipoprotein cholesterol levels. Instead our data point to a role for SR-BI in bone marrow derived cells in attenuating the recruitment of monocytes into atherosclerotic plaques.

Results {#s2}
=======

Restoration of SR-BI in BM derived cells protects SR-BI^−/−^apoE-hypomorphic mice against diet induced atherosclerosis in aortas and coronary arteries {#s2a}
------------------------------------------------------------------------------------------------------------------------------------------------------

It has previously been shown that transplantation with bone marrow from wild type donors protects SR-BI/apoE double KO mice from spontaneous occlusive coronary artery atherosclerosis and accelerated aortic sinus atherosclerosis [@pone.0072492-Yu1]. The spontaneous CHD that develops in SR-BI/apoE double KO mice mirrors the diet induced CHD in SR-BI^−/−^apoE-hypomorphic mice [@pone.0072492-Braun1], [@pone.0072492-Zhang2]. To determine the contribution of SR-BI in BM derived cells to the protection against aortic sinus and coronary artery atherosclerosis we tested if restoration of normal SR-BI expression in BM-derived cells by transplantation of SR-BI^−/−^apoE-hypomorphic mice with BM from SR-BI^+/+^apoE-hypomorphic donors (SR-BI^+/+^apoE-hypomorphic→SR-BI^−/−^apoE-hypomorphic) might affect the development of atherosclerosis in aortic sinus and coronary arteries. SR-BI^−/−^apoE-hypomorphic→ SR-BI^−/−^apoE-hypomorphic mice were used as controls. All mice used in this study were of the apoE-hypomorphic (apoE-R61^h/h^) genotype and were either SR-BI^+/+^ or SR-BI^−/−^. For simplicity, we refer to the mice solely by the SR-BI genotype. Thus, SR-BI^+/+^→SR-BI^−/−^ refers to SR-BI^−/−^apoE-hypomorphic mice that have been transplanted with BM from SR-BI^+/+^apoE-hypomorphic donors. Likewise, SR-BI^−/−^→SR-BI^−/−^ mice refer to control SR-BI^−/−^apoE-hypomorphic mice that have been transplanted with BM from SR-BI^−/−^apoE-hypomorphic donors.

Four weeks after BM transplantation, donor stem cell engraftment was confirmed by PCR genotyping of blood cell DNA (not shown). Transplanted mice were fed a diet containing 15% fat, 1.25% cholesterol and 0.5% cholate (HFCC diet). Krieger and co-workers previously reported that SR-BI^−/−^apoE-hypomorphic mice did not survive beyond 4 weeks of feeding on this diet [@pone.0072492-Zhang2]. Therefore, the mice were euthanized at 4 weeks of feeding and atherosclerosis in the aortic sinus and coronary arteries was analyzed. Consistent with findings reported previously for SR-BI^−/−^apoE-hypomorphic mice [@pone.0072492-Zhang2], the HFCC diet-fed SR-BI^−/−^→ SR-BI^−/−^ mice developed significant atherosclerosis in the aortic sinus and extensive occlusive atherosclerosis in coronary arteries. The mean cross sectional areas of atherosclerotic plaques in the aortic sinus of male and female HFCC diet fed SR-BI^−/−^→SR-BI^−/−^ mice were 63,000±7,000 and 54,000±7,000 µm^2^, and were not statistically significantly different; when males and females were pooled the mean was 59,000±5,000 µm^2^ ([Figure 1A, C](#pone-0072492-g001){ref-type="fig"}). Furthermore, male and female mice exhibited means of 50±3 and 45±4% (not significantly different; mean of pooled data, 48±3%) of coronary arteries in heart sections that were at least partially occluded with lipid rich atherosclerotic plaques ([Figure 1D, F](#pone-0072492-g001){ref-type="fig"}). In contrast, SR-BI^+/+^ → SR-BI^−/−^ mice, fed the same diet, developed substantially reduced levels of atherosclerosis over the same time period. The mean cross sectional areas of atherosclerotic plaques in the aortic sinus of male and female HFCC diet fed SR-BI^+/+^→SR-BI^−/−^ mice were 14,200±5,000 and 13,000±3,000 µm^2^, and were not statistically significantly different; when males and females were pooled, the mean was 13,800±3,000 µm^2^ ([Figure 1](#pone-0072492-g001){ref-type="fig"} B, C). Furthermore, male and female SR-BI^+/+^→SR-BI^−/−^ mice exhibited only approximately 11±5 and 7.5±3% (not significantly different; mean of pooled data was 9±3%) of coronary arteries in heart sections that were at least partially occluded with lipid rich atherosclerotic plaques ([Figure 1](#pone-0072492-g001){ref-type="fig"} E, F). Therefore, transplantation of bone marrow from SR-BI^+/+^ donors resulted in reductions in diet induced aortic sinus and coronary artery atherosclerosis of 75 and 80%, respectively. Indirect immunofluorescence staining for SR-BI and for the macrophage marker, CD68 was carried out in a separate set of transplanted female mice fed the HFCC diet for 18 days. This verified that SR-BI was indeed expressed in cells in atherosclerotic plaques in the SR-BI^+/+^→SR-BI^−/−^ mice but not in control SR-BI^−/−^→SR-BI^−/−^ mice ([Figure 1](#pone-0072492-g001){ref-type="fig"} G, H). Staining for CD68 is shown in representative sections in [Figure 1I and J](#pone-0072492-g001){ref-type="fig"}, and quantified in sections from 6 mice per group in panel K. This revealed significantly reduced macrophage content in plaques in the aortic sinus from SR-BI^+/+^→SR-BI^−/−^ compared to control SR-BI^−/−^→SR-BI^−/−^ mice.

![Restoration of SR-BI expression in BM derived cells by BM transplantation reduces diet induced atherosclerosis in SR-BI-null/apoE-hypomorphic mice.\
SR-BI^−/−^apoE-hypomorphic mice, at 10 weeks of age, were transplanted with BM from either control SR-BI^−/−^ or SR-BI^+/+^ mice to generate SR-BI^−/−^ → SR-BI^−/−^ (circles) and SR-BI^+/+^→ SR-BI^−/−^ mice (diamonds). BM transplanted mice were fed a high fat, high cholesterol, cholate containing (HFCC) diet for four weeks. **A--C:** Aortic sinus atherosclerosis. Representative oil red O and hematoxylin stained sections of the aortic sinus are shown in panels **A** and **B** for mice transplanted with BM from SR-BI^−/−^ or SR-BI^+/+^ donors. Scale bars = 100 µm. **C.** Atherosclerotic plaque sizes were quantified for n = 17 SR-BI^−/−^ → SR-BI^−/−^ and n = 13 SR-BI^+/+^→ SR-BI^−/−^ mice. Donor BM is indicated. P\<0.001 by the Mann Witney rank sum test. **D--F:** Coronary artery atherosclerosis. Representative images of oil red O and hematoxylin stained coronary artery sections are shown in panels **D** and **E.** Scale bars = 50 µm. **F.** Coronary arteries in heart sections were scored as "occluded" if they contained raised atherosclerotic plaques and the proportions of occluded coronary arteries are plotted. Group sizes are as for Panel C. P = 3×10^−9^ by Student's T-test and P\<0.001 by the Mann Witney rank sum test. For panels C and F, male and female mice are indicated by closed and open symbols respectively. Averages are indicated by bars: black bars  =  males, open bars  =  females, blue bars  =  pooled males and females. Data for males vs females were not statistically significantly different. Immunostaining (red) for SR-BI (G, H) or CD68 (**I, J**) in atherosclerotic plaques from a separate group of female SR-BI^−/−^ → SR-BI^−/−^ mice (**G, I**) and SR-BI^+/+^→ SR-BI^−/−^ mice (**H, J**) fed the HFCC diet for 18 days. Representative images are shown. Yellow arrow in G points to SR-BI negative cells; yellow arrows in H-J indicate cells positive for SR-BI or CD68. Nuclear DNA was stained with DAPI. Scale bars = 100 µm. **K.** Quantification of CD68 staining area in n = 6 mice per group (all females). Data are means ± standard errors. P = 0.039 by Student's T-test.](pone.0072492.g001){#pone-0072492-g001}

Male SR-BI^−/−^→SR-BI^−/−^ mice fed the HFCC diet for 4 weeks exhibited relatively high heart/body weight (HW/BW) ratios (11±1 mg/g). In contrast, HW/BW ratios from male SR-BI^+/+^→SR-BI^−/−^ mice fed the HFCC diet for 4 weeks ([Fig 2](#pone-0072492-g002){ref-type="fig"} A) were substantially, and statistically significantly lower (5.4±0.5 mg/g). HW/BW ratios from females tended to be lower for SR-BI^+/+^→SR-BI^−/−^ (7.5±0.3 mg/g) than SR-BI^−/−^→SR-BI^−/−^ (9.0±0.9 mg/g) but this did not reach statistical significance ([Fig 2](#pone-0072492-g002){ref-type="fig"} A). In general, the highest HW/BW ratios were observed in mice that either exhibited outward signs of illness, including ruffled fur, a hunched posture, lack of mobility, and panting prior to euthanasia, or mice which were found moribund and immediately euthanized ([Figure 2A](#pone-0072492-g002){ref-type="fig"}, red symbols). On the other hand, mice which appeared to be outwardly healthy ([Figure 2A](#pone-0072492-g002){ref-type="fig"}, black symbols) exhibited lower HW/BW ratios. These differences in HW/BW ratios (50% reduction for males; 37% reduction when males and females were pooled) were not driven by the more modest differences in body weights ([Figure 2B](#pone-0072492-g002){ref-type="fig"}; 20.8± 1.6 g versus 24.8±2.7 g, for male; 21.9±3.8 g versus 22.1±1.4 g for female SR-BI^−/−^→SR-BI^−/−^ versus SR-BI^+/+^→SR-BI^−/−^ mice, respectively). Furthermore, many of the hearts from SR-BI^−/−^→SR-BI^−/−^ mice appeared large and had pale discolorations suggestive of scarring ([Figure 2C](#pone-0072492-g002){ref-type="fig"}). Their appearance was consistent with cardiac enlargement previously described for un-transplanted HFCC diet fed SR-BI^−/−^apoE-hypomorphic mice as well as for normal diet fed SR-BI^−/−^apoE^−/−^ mice [@pone.0072492-Braun1], [@pone.0072492-Zhang2]. In contrast, hearts from SR-BI^+/+^→SR-BI^−/−^ mice were visibly smaller and did not exhibit evidence of surface scarring ([Figure 2C](#pone-0072492-g002){ref-type="fig"}). Transverse sections of hearts from control SR-BI^−/−^→SR-BI^−/−^, stained with Mason's Trichrome revealed extensive regions which were rich in collagen (blue staining) with very little intact myocardium (red staining) ([Figure 2D](#pone-0072492-g002){ref-type="fig"}), consistent with the extensive cardiac fibrosis which has previously been described for HFCC diet fed SR-BI^−/−^apoE-hypomorphic mice [@pone.0072492-Zhang2]. In contrast, hearts from SR-BI^+/+^→SR-BI^−/−^ mice fed the HFCC diet for the same period of time did not exhibit any evidence of collagen-rich fibrotic areas ([Figure 2E](#pone-0072492-g002){ref-type="fig"}). Together, these data demonstrate that the restoration of SR-BI in BM derived cells protects SR-BI^−/−^apoE-hypomorphic mice from diet induced aortic sinus and occlusive coronary artery atherosclerosis, cardiac enlargement and cardiac fibrosis.

![Restoration of SR-BI expression in BM derived cells attenuates diet induced increases in heart size and cardiac fibrosis in SR-BI-null/apoE-hypomorphic mice.\
**A.** Ratios of heart weight to body weight (HW:BW) are plotted for SR-BI^−/−^ → SR-BI^−/−^ mice (circles) and SR-BI^+/+^ → SR-BI^−/−^ mice (diamonds) fed the HFCC diet for 4 weeks. Red symbols identify those SR-BI^−/−^ → SR-BI^−/−^ mice which appeared to be in poor health or were moribund at collection. Closed symbols denote males and open symbols denote females. Horizontal bars indicate the mean heart/body weight ratios (black bars  =  males, open bars  =  females, blue bars  =  pooled males and females). Data passed the Shapiro-Wilk test for normality and was analyzed by the Student's T test; P\<0.0006 for SR-BI^−/−^ → SR-BI^−/−^ vs SR-BI^+/+^ → SR-BI^−/−^ mice. **B.** Body weights from the same mice as in A are plotted for male (closed symbols) and female (open symbols) SR-BI^−/−^ → SR-BI^−/−^ (circles) and SR-BI^+/+^ → SR-BI^−/−^ (diamonds). Bars denote average body weights: black bars  =  males, open bars  =  females; blue bars  =  pooled male + female mice. Differences in body weights between males (P = 0.006) and when males and females were pooled (P = 0.03) were significant, but females were not, by Student's T test. **C.** Appearance of hearts from SR-BI^−/−^ → SR-BI^−/−^ and SR-BI^+/+^ → SR-BI^−/−^ mice after 4 weeks of HFCC diet feeding. **D--E.** Trichrome staining of cross sections of hearts from SR-BI^−/−^ → SR-BI^−/−^ (D) and SR-BI^+/+^ → SR-BI^−/−^ mice (E) after 4 weeks of HFCC diet feeding. Healthy myocardium appears red while collagen-rich fibrotic areas appear blue. L indicates the lumen of the left ventricle. Representative images are shown in C--E. Scale bars  =  300 µm.](pone.0072492.g002){#pone-0072492-g002}

Effects of SR-BI in BM derived cells on plasma lipids and markers of inflammation {#s2b}
---------------------------------------------------------------------------------

Analysis of plasma lipids revealed that there were no significant differences in plasma total cholesterol, free cholesterol or triglyceride levels between SR-BI^−/−^→SR-BI^−/−^ and SR-BI^+/+^→SR-BI^−/−^ mice fed the HFCC diet for 3 weeks ([Figure 3A--C](#pone-0072492-g003){ref-type="fig"}). As previously reported for un-transplanted SR-BI^−/−^apoE-hypomorphic mice fed a similar diet for a similar period of time, the majority of plasma cholesterol was unesterified, or free cholesterol ([Figure 3B](#pone-0072492-g003){ref-type="fig"}), and plasma triglyceride levels were very low ([Figure 3C](#pone-0072492-g003){ref-type="fig"}) compared to plasma total cholesterol ([Figure 3A](#pone-0072492-g003){ref-type="fig"}) [@pone.0072492-Zhang2]. The distribution of cholesterol across different lipoproteins was analyzed after size separation of plasma lipoproteins by FPLC and analysis of the cholesterol content of each fraction. Averaged lipoprotein cholesterol profiles are shown in [Figure 3D](#pone-0072492-g003){ref-type="fig"} and the amounts of cholesterol in fractions corresponding to very low density (VLDL)-, intermediate and low density (IDL/LDL)- and high density (HDL)-sized lipoproteins are shown in [Figure 3E](#pone-0072492-g003){ref-type="fig"}. These analyses revealed that there were no statistically significant differences in cholesterol associated with VLDL, IDL/LDL or HDL sized lipoproteins between the two groups of mice. Thus restoration of SR-BI expression in BM derived cells did not affect steady state lipoprotein cholesterol levels in HFCC diet fed SR-BI^−/−^apoE-R61^h/h^ mice.

![Restoration of SR-BI expression in BM derived cells did not alter lipids in HFCC diet fed SR-BI-null/apoE-hypomorphic mice.\
**A.** Total cholesterol, **B.** unesterified (free) cholesterol and **C.** triglycerides were measured in plasma collected from fasted SR-BI^−/−^ → SR-BI^−/−^ (white bars) and SR-BI^+/+^ → SR-BI^−/−^ mice (black bars) fed the HFCC diet for 3 weeks (n = 6 mice/group). **D.** Averaged lipoprotein total cholesterol profiles from n = 10 SR-BI^−/−^ → SR-BI^−/−^ (white symbols) and SR-BI^+/+^ → SR-BI^−/−^ mice (black symbols) fed the HFCC diet for 3 weeks. Fractions corresponding to the elution of purified human VLDL, IDL/LDL and HDL are shown at the top. **E.** Total cholesterol fractions containing VLDL-sized (1--14), IDL/LDL-sized (15--28) and HDL-sized lipoproteins (29--42) from the lipoprotein total cholesterol profiles of individual mice were determined. Averages ± standard errors are shown (n = 10 mice/group). No statistically significant differences in values from SR-BI^−/−^ → SR-BI^−/−^ (white bars) and SR-BI^+/+^ → SR-BI^−/−^ mice (black bars) were detected.](pone.0072492.g003){#pone-0072492-g003}

Levels of TNFα and IL-6 in plasma were also analyzed ([Figure 4A, B](#pone-0072492-g004){ref-type="fig"}). TNFα levels appeared to be slightly higher in HFCC diet fed SR-BI^+/+^→SR-BI^−/−^ mice than in SR-BI^−/−^→SR-BI^−/−^ mice, although the increase did not reach statistical significance ([Figure 4A](#pone-0072492-g004){ref-type="fig"}). In contrast, plasma IL-6 levels were substantially and significantly lower in SR-BI^+/+^→SR-BI^−/−^ mice than in SR-BI^−/−^→SR-BI^−/−^ mice fed the HFCC diet for 3 weeks ([Figure 4B](#pone-0072492-g004){ref-type="fig"}; 23±9 versus 84±26 pg/ml, respectively). This \>70% reduction in circulating IL-6 levels suggests that restoration of SR-BI expression in BM derived cells may attenuate at least some pro-atherogenic inflammatory pathways.

![Effects of restoring SR-BI expression in BM derived cells on plasma levels of TNFα and IL-6 in HFCC diet fed SR-BI-null/apoE-hypomorphic mice.\
**A.** TNFα and **B.** IL-6 levels in plasma from control SR-BI^−/−^ → SR-BI^−/−^ (white bars) and SR-BI^+/+^ → SR-BI^−/−^ mice (black bars) after 3 weeks of HFCC diet feeding. Shown are mean levels for n = 8 mice per group. Error bars correspond to standard errors. **A.** TNFα levels were not statistically significantly different. **B.** IL-6 levels were statistically significantly different. P = 0.028. Statistical analysis was by the Mann-Whitney rank sum test.](pone.0072492.g004){#pone-0072492-g004}

Macrophage foam cells constitute the major cellular component of atherosclerotic plaques. We therefore tested whether SR-BI expression affected macrophage foam cell formation. Resident peritoneal macrophages prepared from SR-BI^+/+^apoE-hypomorphic and SR-BI^−/−^ apoE-hypomorphic mice were cultured in the absence or presence of AcLDL and stained with oil red O ([Figure 4](#pone-0072492-g004){ref-type="fig"}). Macrophages from neither the SR-BI^+/+^ nor the SR-BI^−/−^ mice showed evidence of oil red O stained lipid droplets when they were cultured in the absence of AcLDL ([Figure 5A, B](#pone-0072492-g005){ref-type="fig"}). Both accumulated oil red O stained lipid droplets to a similar extent when cultured in the presence of AcLDL ([Figure 5C, D](#pone-0072492-g005){ref-type="fig"}, quantified in E). Similar results were obtained when macrophages were prepared from mice that had been fed the HFCC diet for 2 weeks (not shown). Therefore, SR-BI in macrophages does not appear to directly affect the degree of foam cell formation, at least under the *in vitro* assay conditions we employed.

![Knockout of SR-BI in macrophages does not affect AcLDL driven foam cell formation.\
Resident peritoneal macrophages collected from SR-BI^+/+^apoE-hypomorphic or SR-BI^−/−^apoE-hypomorphic mice were cultured in the absence or presence of 100 µg/ml AcLDL for 24 hrs, fixed and stained with oil red O (red) and DAPI (blue). **A**--**D**: Representative fluorescence images. Scale bar  =  100 µm. **E**. Quantification of lipid accumulation as the oil red O staining intensity normalized to the number of DAPI stained nuclei per field of view. Five fields of view were analyzed per sample. Data are averages ± standard errors of triplicate samples. The experiment was performed three times and a representative result is shown. Oil red O staining intensities for AcLDL treated versus untreated cells were statistically significantly different but staining intensities for AcLDL treated SR-BI^+/+^ and SR-BI^−/−^ cells were not (determined by Student's T test).](pone.0072492.g005){#pone-0072492-g005}

Monocytes from SR-BI KO mice exhibit increased capacity to bind ICAM-1 and VCAM-1 and restoration of SR-BI in BM derived cells reduced monocyte recruitment into atherosclerotic plaques {#s2c}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

ICAM-1 and VCAM-1, expressed on endothelial cells play critical roles in the capture of circulating monocytes and their recruitment into growing atherosclerotic plaques [@pone.0072492-Galkina1]. We therefore tested if monocytes from SR-BI^−/−^apoE-hypomorphic and SR-BI^+/+^apoE-hypomorphic mice differed in their abilities to bind to ICAM-1 or VCAM-1. To do this we used soluble recombinant ICAM-1 or VCAM-1 fused to human IgG Fc, and monitored binding using a flow cytometry assay in conjunction with an anti-human IgG antibody. Monocytes from SR-BI^−/−^ mice showed increased binding to both ICAM-1 ([Figure 6A](#pone-0072492-g006){ref-type="fig"}) and VCAM-1 ([Figure 6B](#pone-0072492-g006){ref-type="fig"}) compared to monocytes from SR-BI^+/+^ mice. We obtained equivalent results when we repeated the experiment using monocytes from mice fed the HFCC diet for 2 weeks (not shown). These findings suggested that monocytes from SR-BI^−/−^ mice have increased capacity for recruitment into atherosclerotic plaques and that the reduced atherosclerosis in SR-BI^+/+^→SR-BI^−/−^ mice compared to the SR-BI^−/−^→SR-BI^−/−^ mice may be because restoration of SR-BI expression in BM derived cells reduces monocyte recruitment into developing atherosclerotic plaques. To test this, we utilized a well characterized *in vivo* assay for monocyte recruitment into atherosclerotic plaques [@pone.0072492-Tacke1] in which fluorescent latex beads were injected intravenously to mark circulating monocytes which phagocytose the latex beads. For this study, SR-BI^+/+^→SR-BI^−/−^ and control SR-BI^−/−^→SR-BI^−/−^ mice were fed the HFCC diet for 17 days prior to i.v. injection with fluorescent latex beads. Twenty four hours later, the mice were euthanized and atherosclerotic plaques in the aortic sinus were stained with oil red O and visualized by light and fluorescence microscopy ([Figure 6C-F](#pone-0072492-g006){ref-type="fig"}). We found that SR-BI^+/+^→SR-BI^−/−^ mice accumulated approximately 40% fewer latex bead marked cells in atherosclerotic plaques than did control SR-BI^−/−^→SR-BI^−/−^ mice ([Figure 6G](#pone-0072492-g006){ref-type="fig"}), even though the lesion sizes at this stage (18 d of HFCC diet feeding) were similar between the two groups (data not shown). Therefore, restoration of SR-BI expression in BM derived cells in SR-BI-deficient mice attenuated monocyte recruitment.

![SR-BI attenuates monocyte recruitment.\
**A.** ICAM-1 binding, **B.** VCAM-1 binding, by monocytes from SR-BI^+/+^apoE-hypomorphic (blue) or SR-BI^−/−^apoE-hypomorphic mice (red) as determined by flow cytometry. Representative histograms of 4 replicates are shown. **C**--**G**: *In vivo* recruitment of latex bead marked monocytes into atherosclerotic plaques. Fluorescence images in dark-field (C and E) or overlayed onto brightfield images (D and F) of oil red O stained aortic sinus atherosclerotic plaques from SR-BI^−/−^ → SR-BI^−/−^ (C, D) and SR-BI^+/+^ → SR-BI^−/−^ mice (E, F). Arrows in D and F indicate the positions of green fluorescent latex bead marked cells. Scale bar  =  50 µm. G. Quantification of fluorescent bead marked cells in atherosclerotic plaques (normalized to plaque sizes). Data are averages ± standard errors. N = 4 mice per group. P = 0.039 by Student's T test.](pone.0072492.g006){#pone-0072492-g006}

Discussion {#s3}
==========

SR-BI^−/−^apoE^−/−^ mice develop spontaneous and SR-BI^−/−^apoE-hypomorphic mice develop high fat, high cholesterol diet-induced accelerated aortic sinus and occlusive coronary artery atherosclerosis that is accompanied by cardiac fibrosis and enlargement, cardiac conductance and function abnormalities and early death within weeks [@pone.0072492-Braun1], [@pone.0072492-Zhang2], [@pone.0072492-Braun2]--[@pone.0072492-Karackattu2]. Transplantation of SR-BI^−/−^apoE^−/−^ mice with BM from wild type donors was previously shown by others to reduce the development of aortic atherosclerosis and rescue them from early death, presumably due to a reduction in occlusive CA atherosclerosis [@pone.0072492-Yu1]. However the effect of restoring only SR-BI expression in BM derived cells has not been tested. Using a BM transplantation approach, we now demonstrate that selective restoration of SR-BI expression in BM derived cells is able to protect otherwise SR-BI-deficient and apoE-hypomorphic mice from diet induced atherosclerosis in the aortic sinus and coronary arteries, and is able to reduce the extent of cardiac fibrosis and cardiac enlargement (as qualitatively assessed by the appearance of the hearts and quantified by the heart/body weight ratios).

This demonstrates that restoring the expression of SR-BI alone in BM-derived cells results in reduced atherosclerosis in otherwise SR-BI-deficient mice. It is consistent with reports from our lab and others that eliminating SR-BI in BM-derived cells in mice that otherwise express SR-BI accelerates atherosclerosis in the aortae [@pone.0072492-Covey1], [@pone.0072492-Zhang4], [@pone.0072492-VanEck2]. The protective effect of SR-BI in BM-derived cells does not appear to be the consequence of altered overall lipoprotein metabolism since SR-BI^+/+^→SR-BI^−/−^ and control SR-BI^−/−^→SR-BI^−/−^ mice did not have significantly or substantially different levels of plasma or lipoprotein total cholesterol, or plasma free cholesterol or triglycerides when fed the HFCC diet for 3 weeks.

The HFCC diet that we used has been reported to result in systemic increases in inflammatory cytokine levels [@pone.0072492-Getz1], [@pone.0072492-Lawrie1]. Furthermore, we and others have reported that mice lacking SR-BI exhibited increased levels of inflammatory cytokines in plasma compared to SR-BI^+/+^ controls [@pone.0072492-AlJarallah1], [@pone.0072492-Feng1]. We therefore tested if restoration of SR-BI in BM derived cells might result in lower levels of circulating inflammatory cytokines. We saw no statistically significant differences in levels of plasma TNFα but saw significantly and substantially reduced levels of plasma IL-6 in SR-BI^+/+^→SR-BI^−/−^ compared to control SR-BI^−/−^→SR-BI^−/−^ mice. Elevated levels of IL-6 have been shown to induce aortic sinus atherosclerosis in apoE KO mice [@pone.0072492-Huber1]. Despite the elevated levels of IL-6, we did not find any difference in the tendency of macrophages from SR-BI expressing or deficient mice to form foam cells when challenged *in vitro* with AcLDL, suggesting that reduced foam cell formation most likely does not underlie the reduced atherosclerosis we observed in SR-BI^+/+^→SR-BI^−/−^ compared to control SR-BI^−/−^→SR-BI^−/−^ mice.

Monocytes express low levels of SR-BI and levels increase upon differentiation to macrophages (our unpublished data and[@pone.0072492-Hirano1], [@pone.0072492-Murphy1], [@pone.0072492-RoqueCuellar1]). HDL has been reported to modulate the activity or expression levels of the integrin subunits CD11b and CD49d on monocytes, via SR-BI[@pone.0072492-Murphy1], [@pone.0072492-Smythies1]. Upon activation, monocyte integrins containing CD11b or CD49d interact with ICAM-1 or VCAM-1 on endothelial cells, mediating monocyte entry into the vessel wall, a key initiating step in the development of atherosclerotic plaques. We found that monocytes from SR-BI deficient (SR-BI^−/−^ apoE-hypomorphic) mice exhibited substantially increased capacity to bind to both ICAM-1 and VCAM-1 *in vitro* compared to monocytes from SR-BI expressing (SR-BI^+/+^apoE-hypomorphic) mice. To explore the *in vivo* consequences of this increased capacity to bind to ICAM-1 and VCAM-1, we used a well characterized assay for recruitment of monocytes into atherosclerotic plaques [@pone.0072492-Tacke1]. Importantly, we analyzed monocyte recruitment into developing atherosclerotic plaques after only 18 days of HFCC diet feeding when atherosclerotic plaques in the aortic sinus were still relatively small. This "fluorescent bead recruitment assay" revealed that there was an approximate 40% reduction in monocyte recruitment into atherosclerotic plaques in SR-BI^+/+^→SR-BI^−/−^ compared to control SR-BI^−/−^→SR-BI^−/−^ mice. This reduced monocyte recruitment is consistent with the reduced capacity of SR-BI^+/+^ monocytes to bind to ICAM-1 and VCAM-1 and is consistent with the previously hypothesized role for monocyte SR-BI in modulating monocyte recruitment [@pone.0072492-Murphy1], [@pone.0072492-Smythies1]. On the other hand it has been proposed that IL-6 promotes monocyte recruitment during chronic inflammation [@pone.0072492-Kaplanski1], suggesting the possibility that reduced monocyte recruitment in SR-BI^+/+^→SR-BI^−/−^ mice may also be driven by the reduced levels of circulating IL-6.

In conclusion, our data suggest that restoration of SR-BI in BM-derived cells is sufficient to protect against diet-induced aortic sinus and occlusive CA atherosclerosis, and subsequent myocardial infarction and cardiac enlargement in SR-BI^−/−^apoE-hypomorphic mice. All of the control SR-BI^−/−^→SR-BI^−/−^ mice analyzed exhibited coronary artery atherosclerosis but only a subset exhibited increased heart/body weights and cardiac enlargement. This suggests that coronary artery atherosclerosis precedes the cardiac enlargement and is consistent with the notion that cardiac fibrosis and cardiac enlargement are consequences of the extensive, occlusive coronary artery atherosclerosis in this model. In this light, we think it is most likely that the effect of restoration of SR-BI expression in BM derived cells on cardiac fibrosis and cardiac enlargement is primarily due to the reduction in coronary artery atherosclerosis burden, possibly through attenuated monocyte recruitment.

Materials and Methods {#s4}
=====================

Mice {#s4a}
----

All procedures were approved by the McMaster University Animal Research Ethics Board and were in accordance with Canadian Council on Animal Care guidelines. SR-BI^+/−^apoE-hypomorphic mice, originally obtained from Monty Krieger (MIT, Cambridge MA, USA) were bred to generate littermate SR-BI^−/−^apoE-hypomorphic and SR-BI^+/+^apoE-hypomorphic offspring.

Bone marrow transplantation {#s4b}
---------------------------

Recipient mice (10 weeks old), fed normal chow diets, were exposed to 7Gy of γ-irradiation from a ^137^Cs source using a Gammacel 3000 small animal irradiator. BM (3×10^6^ cells), prepared from the tibias and femurs of donor mice, was injected i.v. 7 Gy was a lethal dose for untreated SR-BI^−/−^apoE-hypomorphic mice and transplanted mice did not survive higher doses of irradiation (data not shown). In some experiments, SR-BI^−/−^apoE-hypomorphic mice were fed, starting at weaning, normal chow diet supplemented with 0.5% probucol [@pone.0072492-Braun2] until they were used as recipients at 10 weeks of age. These mice were able to tolerate much higher doses of irradiation (up to 13 Gy) and exhibited increased survival of the BM transplantation procedure. Post transplantation, mice received normal chow, soaked with water and antibiotics as described previously [@pone.0072492-Covey1]. Four weeks post-transplantation, blood was collected and DNA was prepared from blood cells for detection of donor-derived genes by PCR as described previously [@pone.0072492-Covey1].

Diet induction of atherosclerosis {#s4c}
---------------------------------

Four weeks after BMT, mice were fed a 7.5% cocoa butter (15% total fat), 1.25% cholesterol, 0.5% sodium cholate-containing diet (high fat, cholesterol, cholate, or HFCC diet; Teklad Research Diets) for 4 weeks [@pone.0072492-Zhang2]. Mice were fasted overnight and then euthanized either by CO~2~ asphyxiation or anesthetic overdose. Blood was collected by cardiac puncture and tissues were perfused and prepared for cryosectioning as described previously [@pone.0072492-Trigatti1], [@pone.0072492-Braun1].

Atherosclerosis and myocardial fibrosis {#s4d}
---------------------------------------

Atherosclerosis in oil red O stained/hematoxylin counter-stained frozen sections of the aortic sinus was measured as described previously [@pone.0072492-Trigatti1]. Coronary artery atherosclerosis was detected in at least 2 oil red O stained transverse sections from different levels of the heart for each mouse. The proportion of coronary artery cross sections containing atherosclerotic plaques (occluded) was determined [@pone.0072492-Braun1], [@pone.0072492-Karackattu2]. Myocardial fibrosis was detected as blue collagen staining using Masson's Trichrome staining kit (Sigma) [@pone.0072492-Braun1], [@pone.0072492-Karackattu2].

Immunofluorescence staining {#s4e}
---------------------------

BM transplanted mice were fed the HFCC diet for 3 weeks and euthanized. Aortic sinus sections were separately stained with a rabbit anti-mouse SR-BI (Novus Biologicals, Oakville, ON Canada) or rat anti-CD68 antibody (AbD Serotec, Raleigh, NC USA), followed by incubation with goat anti-rabbit alexa-594 or goat anti-rat alexa 568 secondary antibodies (Invitrogen-Life Technologies Inc, Burlington ON, Canada) and staining with 4\',6-diamidino-2-phenylindole (DAPI). Fluorescent images were observed under a Zeiss Axiovert 200 M inverted fluorescence microscope. 8 sections were analyzed per mouse and 6 mice per group were done. CD68 staining was quantified as the area of the plaque staining positive for CD68.

Analysis of plasma lipids and cytokines {#s4f}
---------------------------------------

BM transplanted mice were fed the HFCC diet for 21 days, fasted overnight, anesthetized, exsanguinated and euthanized. Plasma was fractionated by gel filtration fast-protein liquid chromatography using an AKTA system with a Tricorn Superose 6 HR10/300 column (GE Biosciences) as previously described [@pone.0072492-Rigotti1], [@pone.0072492-Trigatti1], [@pone.0072492-Covey1]. Coupled enzymatic assay kits were used to analyze plasma and lipoprotein total cholesterol levels (Infinity Cholesterol Reagent, Thermo Scientific), and plasma free cholesterol (Free Cholesterol E kit, Wako Pure Chemicals) and triglyceride levels (L-Type Triglyceride M kit, Wako Pure Chemicals). Levels of IL-6 and TNFα in plasma were analyzed using ELISA MAX Deluxe Sets for mouse IL-6 and TNFα from BioLegend.

Monocyte recruitment {#s4g}
--------------------

Monocyte recruitment into atherosclerotic plaques was monitored as described by Randolph and co-workers [@pone.0072492-Tacke1]. Briefly, BM transplanted mice fed the HFCC diet for 17 days were injected intravenously with 250 µl of a solution containing 1.5×10^11^ green fluorescent 0.5 µm beads (Polysciences, Inc.). Circulating monocytes have been shown to take up the fluorescent beads and then enter tissues, including atherosclerosis plaques [@pone.0072492-Tacke2]. Twenty-four hours later, mice were euthanized and atherosclerotic plaques in the aortic sinus were analyzed as described above. Briefly, plaques were stained for lipid with oil red O and subjected to wide-field fluorescence microscopy for fluorescent latex beads. The numbers of fluorescent latex beads in atherosclerotic plaques in the entire aortic sinus section were quantified for each section and normalized to the cross sectional area of the atherosclerotic plaque. Eight sections were analyzed for each mouse.

Isolation of peritoneal macrophages and in vitro foam cell formation {#s4h}
--------------------------------------------------------------------

Resident peritoneal macrophages were isolated by peritoneal lavage from SR-BI^+/+^apoE-hypomorphic or SR-BI^−/−^apoE-hypomorphic mice fed a normal chow diet. Cells were cultured on chambered cover slips in Dulbecco's modified eagles medium containing 10% fetal bovine serum, 2 mM L-glutamine and penicillin and streptomycin as previously described [@pone.0072492-Zhang1]. Cells were incubated either without or with 100 µg/ml AcLDL (Biomedical Technologies Inc, Stoughton MA USA) for 24 hrs prior to fixation and stained with oil red O and DAPI. Wide field fluorescent images were captured using a Zeiss Axiovert 200 M inverted fluorescence microscope and oil red O staining was quantified as a measure of lipid accumulation as the average pixel intensity/number of DAPI stained nuclei per field of view. Five fields of view were analyzed per sample and the experiment was done three times in triplicate.

VCAM-1 and ICAM-1 binding {#s4i}
-------------------------

VCAM-1 and ICAM-1 binding assays were done as described in previous studies [@pone.0072492-Feng2]-[@pone.0072492-Rose1]. Blood was collected from SR-BI^+/+^apoE-R61^h/h^ or SR-BI^−/−^apoE-R61^h/h^ mice fed a normal chow diet. Red blood cells were lysed. For ICAM-1 binding, leukocytes were incubated with an anti-CD49d antibody (PE conjugate) to identify monocytes, and incubated with soluble recombinant ICAM-1-human IgG fusion, followed by incubation with an Alexa Fluor 488 Goat Anti-Human IgG (H+L) antibody (Invitrogen-Life Technologies Inc, Burlington ON, Canada). For VCAM-1 binding, leukocytes were incubated with anti-CD11b antibody (PE conjugate) to identify monocytes, and incubated with soluble recombinant VCAM-1-human IgG fusion, followed by incubation with Alexa Fluor 488 Goat Anti-Human IgG (H+L) antibody (Invitrogen-Life Technologies Inc, Burlington ON, Canada). All other antibodies for flow cytometry were from eBioscience Inc (San Diego, CA, USA). Recombinant ICAM-1-human IgG and VCAM-1-human IgG fusion proteins were from R&D Systems, distributed by Cedarlane Labs (Burlington, ON, Canada). Samples were analyzed by flow cytometry using a BD FACScalibur flow cytometer. Monocytes were gated as side scatter (SSC) low and either CD11b or CD49d high [@pone.0072492-Sunderkotter1], [@pone.0072492-Woollard1]. Similar results were obtained when mice were fed either normal or HFCC diet.

Statistical Analysis {#s4j}
--------------------

Data was subjected to the Shapiro-Wilk test for normality. Those that passed were analyzed by the Student's T-test. Those that failed the test for normality were analyzed by the Mann-Whitney Rank Sum test. Sigma Plot Statistical analysis software was used. Differences were considered statistically significant when P\<0.05.
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